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2I. INTRODUCTION
Interactions of few-GeV neutrinos and antineutrinos
with nuclei are of keen interest to present and future
neutrino oscillation experiments, such as T2K, NOvA,
DUNE, and HyperKamiokande [1–4]. In this energy
region, charged-current single-pion production (CC(pi))
competes with quasielastic scattering in terms of the to-
tal charged-current (CC) event rate observed in the near
and far detectors of the neutrino oscillation experiments.
In νµ/ν¯µ CC scattering on nuclei, the nuclear medium
enables directly-produced CC(pi) states to morph into
other final-state pion channels and into quasielastic-like
scattering topologies as well. These cross-channel mi-
grations involve energy transfer from the produced state
to the struck nucleus, rendering the total final-state en-
ergy difficult to detect. In this way distortions are in-
troduced into the reconstruction of neutrino energy Eν ,
four-momentum transfer squared Q2, and hadronic in-
variant mass W . Obtaining precise knowledge of the
observed CC(pi) rates and relating them to the various
ways that directly-produced states can feed into the final
states actually observed, is crucial for continued progress
in neutrino oscillation measurements.
Two previous publications [5, 6] reported the MIN-
ERvA experiment’s first measurements of CC pion pro-
duction on hydrocarbon (CH) in the channels
νµ + CH→ µ− + npi± +X, (1)
ν¯µ + CH→ µ+ + pi0 +X ′. (2)
For both of these CC reactions it is possible to recon-
struct the incident neutrino energy, Eν , the squared four-
momentum transfer to the struck nucleus, Q2, and the
invariant hadronic mass, W . Through event selection,
the charged pion sample of process (1) is dominated by
pi+ production. The data in Ref. [5] was presented in two
different ways - a single-pion sample with W < 1.4 GeV
and an n-pion sample withW < 1.8 GeV where n signifies
one or more charged pions. The sample selection for the
latter sample (same as the data presented here) is for a
semi-inclusive process; X may include, in addition to the
recoil nucleon, neutral pions, and other particles (nucle-
ons and photons) released by nuclear de-excitation and
final-state interactions (FSI). The neutral pion sample of
reaction (2) is more nearly exclusive [6]. The sample is
restricted to events having one and only one pi0, with no
visible charged tracks other than the µ+ emerging from
the primary vertex. The recoil system X ′ is limited to
the recoil nucleon plus de-excitation neutrons and pho-
tons. There is no limitation on the value of W .
For the analysis reported here, the selected event sam-
ples for reactions (1) and (2) are restricted by requiring
all events to have hadronic massW less than 1.8 GeV and
neutrino energy in the range 1.5 GeV < Eν < 10 GeV.
Here, W is calculated from the true muon kinematics and
true Eν . Consequently the charged pion sample is nearly
identical to the n-pion sample in Ref. [5] and the neutral
pion sample is slightly smaller than in Ref. [6]. The re-
striction on final-state hadronic mass serves to enhance
the contribution of ∆(1232) and N∗ resonance produc-
tion relative to that from CC DIS processes. Moreover
the hadronic mass selection, together with the require-
ment that a Michel electron be observed on a non-muon
track from the primary vertex, isolates a subsample of
process (1) that is more nearly a pi+ production sample,
as will be elaborated below.
The two separate CC pion production event samples
were obtained with the NuMI beam in the low-energy
mode, with the horn-current focusing set to produce a
beam of predominantly νµ or ν¯µ. Consequently, the spec-
tral shapes and effective Eν range of the initiating νµ/ν¯µ
fluxes are similar for the two data sets. The initial studies
measured the rates and kinematic distributions for the
produced pions. Comparisons were made with generator
predictions, and trends involving final-state interactions
of the pions within the target carbon nuclei were iden-
tified. These measurements have also been compared to
a phenomenological treatment of neutrino-induced pion
production carried out within the GiBUU transport the-
oretical framework [7].
In the present work, the two CC(pi) event samples
are investigated further and in tandem, enabling the
scope of Refs. [5] and [6] to be significantly extended.
The present analysis encompasses the differential distri-
butions of the final-state muon and of kinematic vari-
ables that are determined by the muon kinematics, with
Eν and Q
2 receiving particular attention. The resulting
measurements are complementary to the pion kinemat-
ical distributions previously presented [5, 6]. While the
distributions of these previous works show interesting
sensitivity to the FSI processes, the distributions pre-
sented here depend on the combination of underlying
pion-production reactions on single nucleons with nuclear
medium effects arising from nucleon-momentum distri-
bution and nucleon-nucleon correlations.
Comparisons of muon-related kinematic distributions
are used to elicit similarities and differences between the
ν-induced and ν¯-induced pion production datasets. To
illuminate the contributing processes, each data distribu-
tion is also compared to predictions obtained using neu-
trino event generators. For the latter data-vs-simulation
comparisons, the analysis makes use of three neutrino
event generators that are widely used by neutrino exper-
iments, namely GENIE 2.6.2 [8], NEUT 5.3.3 [9], and
NuWro [10]. These codes have been independently con-
structed and validated; a summary of the phenomeno-
logical strategies and models used by each generator is
given in Ref. [5].
The measurements of this work utilize event selections
and improved flux estimations that differ from those used
by Refs. [5, 6]. These modifications are discussed in Secs.
II and III.
3II. OVERVIEW OF THE EXPERIMENT
A. Beam, Detector, and Exposures
MINERvA uses a fine-grained, plastic-scintillator
tracking detector [11] in conjunction with the magne-
tized MINOS near detector [12], to record interactions
of neutrinos and antineutrinos from the high-intensity
NuMI beam at Fermilab [13].
The measurements reported here use the MINERvA
detector central tracking volume as the target, with the
surrounding electromagnetic and hadronic calorimeters
providing containment. The central volume has a hexag-
onal cross section of 2 m inner diameter, extends lon-
gitudinally for 2.5 m, and has a mass of 5400 kg. It
consists of planes of polystyrene scintillator strips ori-
ented perpendicular to the horizontal axis of the detec-
tor. The horizontal axis is inclined 3.3◦ relative to the
beam axis. There are three scintillator-plane orienta-
tions, at 0◦ and ±60◦ relative to the detector vertical
axis, that provide X, U, and V “views” of interactions
in the scintillator medium. The module planes alternate
between UX and VX pairs, enabling 3-D reconstruction
of vertices, charged tracks, and electromagnetic showers
of neutrino events. Separation of multiple interactions
within a single 10µs beam spill is made possible by the
3.0 ns timing resolution of the readout electronics.
The MINOS near detector, located 2 m downstream,
serves as the muon spectrometer for the MINERvA cen-
tral tracker. A muon exiting downstream of MINERvA is
tracked by the magnetized, steel-plus-scintillator planes
of MINOS, enabling its momentum and charge to be
measured. The combination of position, angle, and tim-
ing in each detector allows matching of muon tracks in
the two detectors. Full descriptions of the design, cali-
bration, and performance of the MINERvA detector con-
figuration are available in Refs. [11, 14].
The data were taken between October 2009 and April
2012 using the low-energy NuMI mode, which produces
a wide-band beam with neutrino energies extending from
1 GeV to greater than 20 GeV and a peak energy of
3 GeV. The current-polarity of the magnetic horns in the
beamline is set to focus either pi+ or pi−, providing νµ or
ν¯µ fluxes of approximately 92% purity or 40% purity re-
spectively. The νµ CC charged-pion production events
were obtained from an integrated exposure of 3.04×1020
protons on target (POT); the ν¯µ CC single-pi
0 produc-
tion events were obtained in exposures with a total of
2.01×1020 POT. Half of the ν¯µ exposure was taken with
only the downstream half of the detector during con-
struction. The two datasets are analyzed separately and
the final results combined.
The νµ and ν¯µ fluxes for these exposures were calcu-
lated using a detailed simulation of the NuMI beamline
based on Geant4 [15, 16] and constrained by published
proton-carbon yield measurements [17–19]. Compared
to the previous studies, Refs. [5, 6], the measurements
reported here benefit from improved flux predictions re-
sulting from new constraints based upon ν + e− elastic
scattering data from MINERvA and from incorporation
of new data on pion and kaon yields [20, 21]. Conse-
quently the present work contains improved estimations
for absolute event rates for each of the two data sets.
All event-generator predictions are based upon the im-
proved flux predictions. Updates to the previously pub-
lished results [5, 6] using the new fluxes are presented in
the Appendix of this paper.
B. Neutrino interaction modeling
Neutrino and antineutrino-nucleus interactions are
simulated using version 2.6.2 of the GENIE neutrino
event generator [8]. The generation of inelastic CC
neutrino-nucleus interactions involves three different
considerations:
• Target nucleons: Nucleons inside the nucleus are
treated as a relativistic Fermi gas. The nucleon
momentum distribution is augmented with a high-
momentum tail [22] in order to account for short-
range correlations. The possibility of neutrino in-
teractions on correlated-nucleon pairs is not in-
cluded.
• The primary interaction: Neutrino-induced pion
production arising from a single struck nucleon
can proceed either by baryon-resonance excita-
tion or by non-resonant processes. The baryon-
resonance pion production is simulated using the
Rein-Sehgal model [23] with modern baryon res-
onance properties [24] and with an axial-vector
mass of MResA = 1.12 ± 0.22 GeV [25]. For non-
resonant pion production, GENIE uses the Bodek-
Yang model [26] with parameters adjusted to repro-
duce the neutrino-deuterium bubble chamber mea-
surements over the final-state invariant hadronic
mass range W < 1.7 GeV. The GENIE implemen-
tation does not include the Rein-Sehgal treatment
of baryon-resonance interference, nor does it carry
along the lepton mass terms in the cross section
calculations.
• Intranuclear interactions of final-state hadrons:
Final-state interactions (FSI) of hadrons produced
inside the nucleus with the nuclear medium are
simulated. The FSI are especially important for
pions because of the very large pion-nucleon cross
sections in the ∆(1232) resonance region. In GE-
NIE, an effective model for the FSI simulation is
used in lieu of a full intranuclear cascade treatment.
That is, pions can have at most one interaction on
their way out of the nucleus [27]. This approxima-
tion works well for light nuclei such as carbon, the
dominant target nucleus reported in this work. It
is assumed that the pions produced inside the nu-
cleus have the same pion-nucleus cross sections as
4beam pions, and so scattering data from beam-pion
measurements [28, 29] are used to model the inter-
action. The total interaction probability is deter-
mined by the pion-carbon total cross section. An
interaction of a pion within the nucleus proceeds
by one of four processes, namely pion absorption,
inelastic scattering, elastic scattering, and charge
exchange with probabilities according to the cor-
responding data. Kinematic distributions in the
final state are set by algorithms that are fit to the
corresponding pion-nucleus data.
Coherent pion production is different from other in-
teractions because the neutrino interacts with the whole
nucleus at once. Coherent single-pion production by
CC interactions on carbon has been measured by MIN-
ERvA [30]. In GENIE, it is simulated according to the
Rein-Sehgal model, updated with lepton mass terms [31].
C. Detector response
Simulation of the response of the MINERvA detec-
tor to particle propagation is provided by a Geant4-
based model [15, 16]. The scale for muon dE/dx en-
ergy loss in the detector is known to within 2%. The
scale is established by requiring agreement between data
and simulation for the reconstructed energy deposited by
momentum-analyzed, through-going muons. Hadron in-
teractions in the detector materials are handled by the
Geant4 QGSP BERT physics list.
In order to reconstruct the energy of hadronic show-
ers imaged by the detector, calorimetric corrections are
required. The procedure whereby these corrections are
determined from simulation is described in Ref. [11]. A
scaled-down replica of the MINERvA detector, operated
in a low-energy particle test beam, was used to estab-
lish the spectrometer’s tracking efficiency and energy re-
sponse to single hadrons, and to set the value for the
Birks’ constant of the scintillator [14]. The average de-
viation between data and GEANT4 for pions was 5%.
III. CC EVENT SELECTIONS AND
RECONSTRUCTION
The 10µs NuMI beam spill is divided into “time slices”
that, based on the total visible energy in the scintillator
as a function of time, encompass single events. As a
charged particle traverses the scintillator strips of the
detector, its trajectory is recorded as individual energy
deposits (hits) having a specific charge content and time-
of-occurrence. The hits are grouped in time, and then
neighboring hits in each scintillator plane are gathered
into objects called clusters. Clusters having more than
1 MeV of energy are then matched among the three views
to create a track. The per-plane position resolution is
2.7 mm and the track angular resolution is better than
10 mrad [11] in each view.
A track that exits via the downstream surface of the
MINERvA spectrometer and matches with a negatively-
charged (positively-charged) track entering the front of
MINOS near detector, is taken to be the µ−(µ+) track
of a CC event. The reconstruction of the muon tracks in
this experiment (including both MINERvA and MINOS
detectors) gives a typical momentum resolution of 6%.
Muon track reconstruction incurs a small inefficiency due
to event pileup. This effect is studied by isolating indi-
vidual tracks in either of the MINERvA or MINOS de-
tectors, projecting them to the other detector, and then
measuring the rate of reconstruction failures. In this way
it is determined that the simulated efficiency for muon
reconstruction requires a correction of −4.4% (−1.1%)
for muons with less than (greater than) 3 GeV/c.
A. Pre-selections; calculation of neutrino energy
Although the two data sets involve different beams and
final-state particles, they have many features in common.
In each case, reconstruction of CC event candidates pro-
ceeds by finding a long track that traverses both MIN-
ERvA and MINOS and treating it as the muon. The
algorithm then searches for additional tracks that share
a vertex with the longest track. Kinked tracks, which are
usually the result of secondary interactions, are then re-
constructed by searching for additional tracks starting at
the endpoints of tracks previously found. The differences
in acceptance between µ− and µ+ for the two samples
are minor, and backgrounds from wrong-sign muons are
insignificant in either sample. Since the signal reactions
are different, there are of course differences in selection
cuts, particle identification, and background subtraction
procedures. However after the final sample is obtained
with each data set, the analyses the same method to ex-
tract the cross section.
To be accepted as a candidate event, a muon neutrino
(antineutrino) interaction must have a µ− (µ+) track
and the muon must originate within the central track-
ing volume. The latter vertex is the primary interaction
vertex; it is required to be the only interaction vertex
within its time slice. Furthermore the interaction vertex
must lie within the fiducial volume. For the neutrino (an-
tineutrino) events analyzed here, their primary vertices
must occur within the central 112 planes of the scintilla-
tor tracking region and must be at least 20.5 cm (22 cm)
from any edge of the planes. The fiducial volume con-
tains a target mass of 5.57 (5.37) metric tons with 3.54
(3.41) ×1030 nucleons.
The final-state muon momentum pµ (and hence its en-
ergy Eµ) is reconstructed using the muon track’s curva-
ture or range measured in MINOS, in conjunction with
the track’s dE/dx energy loss from its observed traver-
sal of the MINERvA spectrometer. The total final-state
hadronic energy, EH , is measured via calorimetry using
the scintillator light outputs generated by the final-state
hadron shower particles. More specifically, EH is ob-
5tained by scaling the calorimetric energy visible in the
detector according to the Monte Carlo detector response.
The neutrino energy Eν is then calculated as follows:
Eν = Eµ + EH . (3)
The resolution for Eν determined in this way is 6%. Fur-
ther analysis procedures for the two samples – their sim-
ilarities and differences – are described below.
B. pi± reconstruction; νµ-CC(pi+) selection
Events of the νµ-CC(pi
+) sample must have a recon-
structed µ− track that is matched in the MINERvA and
MINOS detectors, and the final state must have at least
one charged pion track. Furthermore the reconstructed
neutrino energy must be in the range 1.5 – 10 GeV and
the invariant hadronic mass must be less than 1.8 GeV.
There is no restriction on neutral pions, other mesons,
or baryons. Charged-current coherent pion production is
included in the signal definition. In practice, only ∼ 5%
of selected events have more than one charged pion.
Charged particle tracks are reconstructed by applying
two pattern recognition algorithms to the clusters found
within the tracking volume and downstream calorime-
ters. Charged pion tracks are identified using a contain-
ment requirement plus two particle-identification selec-
tions [5]. This results in an estimation of particle type
and a determination of kinetic energy, Tpi.
A pion track is required to begin at the event vertex
and to stop in either the tracking or electromagnetic-
calorimeter regions of the central tracker. This re-
quirement restricts the maximum pion kinetic energy
to 350 MeV. The track is required to satisfy a particle-
identification algorithm that evaluates the energy depo-
sition pattern using the Bethe-Bloch formula and – very
importantly – to have, in the vicinity of its endpoint,
a candidate Michel electron from the pi+ → µ+ → e+
decay sequence [5].
The Michel selection disfavors negatively-charged pi-
ons that tend to be captured on a nucleus before decay-
ing, and discriminates strongly against pions that un-
dergo charge exchange or absorption, thereby improving
the pion energy resolution. The efficiency for finding
pion tracks with Tpi > 50 MeV in simulated CC(Npi
±)
events (N = 1,2) with W < 1.8 GeV, is 42%. The pri-
mary reasons for pion tracking inefficiency are secondary
interactions of the pion in the detector and activity in
high-multiplicity events that obscures the pion.
The invariant mass cut is on the experimentally-
determined hadronic invariant mass, Wexp. The cut was
chosen to enrich the sample in events coming from baryon
resonances; in addition, the reconstruction efficiency is
higher because the final states have lower multiplicity.
Singly-produced pi− tracks can only arise from FSI pro-
cesses, and in any case the requirement that pion tracks
of selected events have Michel electrons eliminates most
of them. Consequently the selected pions are predicted
to be pi+ at the level of 98.6%. The overall efficiency
with which signal events having charged pions between
35 MeV and 350 MeV are selected is calculated to be 3%.
This value reflects reductions incurred as the result of the
MINOS-matched muon requirement, the pion track re-
construction inefficiency (42%), and the Michel electron
selection. According to the GENIE-based Monte Carlo
simulation for this analysis, the selected event sample
has a signal purity of 86%.
Figure 1 shows a νµ + hydrocarbon data event from
the νµ-CC(pi
+) sample. Emerging from the primary ver-
tex in the central, plastic-scintillator tracking region are
a muon track that exits downstream, a charged pion,
and a short, heavily ionizing proton. The projected im-
age shows vertical and horizontal spans in the detector
medium of approximately 2.0 m and 3.2 m respectively.
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FIG. 1. Neutrino data event of the νµ-CC(pi
+) sample from
the top view. The neutrino enters from the left. The pri-
mary vertex occurs in the central scintillator tracking region;
the muon traverses the downstream ECAL and HCAL regions
and projects into the MINOS near detector (downstream, not
shown). The event is a candidate for the final state µ−pi+p.
The X and Y axis labels show the module and strip num-
bers. The color (online) linear scale (0 – 10 MeV) indicates
the amount of energy deposited in the strips.
C. Selections for ν¯µ-CC(pi
0)
For the ν¯µ-CC(pi
0) sample, the events must have a re-
constructed µ+ track matched in the MINERvA and MI-
NOS detectors, and the final state must contain a single
pi0 unaccompanied by other mesons, with no restriction
on the number of nucleons.
Candidate events contain a muon track in time coin-
cidence with two electromagnetic showers. Tracks that
start within 5 cm of the vertex are considered to come
from the primary vertex. Events that have primary
tracks other than the muon track are rejected. Also re-
moved are events that have isolated tracks that do not
point back to the vertex. Quite often, photons from
the pi0 decays are reconstructed as tracks. Therefore,
tracks with separation distance greater than 5 cm from
and pointing back to the event vertex are not consid-
ered as coming from the vertex, and their associated en-
ergy clusters are made available to the pi0 reconstruction.
The total visible energy in the tracker, electromagnetic
6calorimeter (ECAL), and hadronic calorimeter (HCAL)
is required to be greater than 80 MeV and less than
2 GeV. The cut on low visible energy removes events
whose total energy deposition is too low to encompass
the pi0 rest mass. The upper visible energy cut removes
deep inelastic scattering (DIS) background events. Can-
didate events are allowed to have isolated hit clusters in
the vicinity of the vertex because these may be induced
by final-state nucleons interacting with the hydrogen or
carbon nuclei of the detector. The data event shown
in Fig. 2 is a ν¯µ + hydrocarbon interaction that exhibits
the prerequisite properties for retention in the ν¯µ-CC(pi
0)
candidate sample.
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FIG. 2. Antineutrino data event and candidate for the final
state µ+pi0n from the top view. The event is initiated in the
central scintillator tracker and extends into the downstream
electromagnetic calorimeter. It contains a µ+ track accom-
panied by two photon showers.
Events that satisfy the topological selections are
passed to the pi0 reconstruction. The reconstruction pro-
ceeds in two stages. In the initial stage pattern recog-
nition is performed to identify the two gamma showers.
Hit clusters found in the X view that are close in polar
angle with respect to the vertex, but can be separated in
radial distance from the vertex, are grouped into photon-
conversion candidates. Then, for each candidate, clusters
in the U and V views that are consistent among the three
views are added. Photon candidates must have clusters
in at least two views in order to enable their directions
to be reconstructed in three dimensions.
Reconstruction of the photon showers is carried out
in the second stage. The position, direction, and energy
of a photon shower are determined by the clusters that
have been assigned to each of the candidate photons.
The photon direction is reconstructed from the cluster
energy-weighted slopes in each view. The photon vertex
is defined using the closest cluster to the event vertex
on the photon direction axis. The photon energy is re-
constructed by calorimetry using calibration constants
determined by detector response simulations.
Candidate events must have exactly two reconstructed
photon showers. In order to reduce charged-pion back-
grounds, each photon is required to have converted at
least 15 cm (0.36 radiation length) away from the pri-
mary vertex. The two-photon invariant mass mγγ is
reconstructed from the photon energies E1, E2 and the
separation angle θγγ between the two photons using
m2γγ = 2E1E2(1− cos θγγ). (4)
The overall calibration constant that sets the absolute
energy scale is determined by matching the peak in the
γγ invariant mass distribution to the nominal pi0 mass.
This procedure is done separately for data and simulation
which enables correction for a difference in energy scales
of 5% with 2.2% uncertainty between the data and sim-
ulation. Finally, the pi0 momentum is calculated from
momentum conservation, ~ppi0 = ~k1 + ~k2, where ~ki are
reconstructed photon momenta. The pi0 reconstruction
typically has a 25% energy resolution and 3.5o angular
resolution in each view.
It is required that the invariant mass mγγ lies between
75 MeV/c2 and 195 MeV/c2, and that Eν falls between
1.5 and 10 GeV. The lower cut on Eν maximizes MI-
NOS acceptance while the upper cut reduces flux uncer-
tainties. Additionally, the reconstructed W is limited to
W < 1.8 GeV.
D. Reconstruction of Q2 and W
Calculation of the four-momentum-transfer-squared,
Q2, and of the hadronic invariant mass, W , proceeds
according to
Q2 = −(k − k′)2 = 2Eν(Eµ − |~pµ| cos θµ)−m2µ, (5)
and
W 2 = (p+ q)2 = M2N + 2MN (Eν − Eµ)−Q2, (6)
where p is the four-momentum vector of the initial nu-
cleon, q = k − k′ is the four-momentum transfer, and
MN is the nucleon mass.
The calculations for Eν (Eq. (3)) and Q
2 (Eq. (5)) do
not involve any assumption concerning the state of the
initial nucleon momentum or the composition of parti-
cles in the final state. On the other hand, the prescrip-
tion for estimation of W in Eq. (6) assumes an initial-
state nucleon at rest. The Monte Carlo uses a relativis-
tic global Fermi Gas nuclear model; this model is known
to be accurate for high momentum transfers (roughly
Q2 > 1 GeV2) but less accurate for low momentum trans-
fers. The rms widths of the Q2 and W variables are 18%
and 8%, respectively, for the charged pion analysis and
16% and 10% for the neutral pion analysis.
IV. DETERMINATION OF CROSS SECTIONS
After particle identification, the νµ-CC(pi
+) sample
contains 5410 events. For the full sample of signal events,
the efficiency is 1.25% and the purity is 86%. The to-
tal background is estimated using the distribution of the
reconstructed invariant mass, Wexp, shown in Fig. 3.
7The largest contribution to the background (69%) is es-
timated to arise from pion production at true (simu-
lation) hadronic invariant mass values, Wtrue, greater
than 1.8 GeV. Events with protons misidentified as pi-
ons account for 19% of background, while events with
Eν > 10 GeV, primary vertices outside the fiducial vol-
ume, and neutral current events account for the remain-
ing 9%, 2%, and 1% respectively.
The selected ν¯µ-CC(pi
0) sample contains 1004 events.
The total selection efficiency is 6% and the purity is 55%.
It is estimated that 70% of the total background is pop-
ulated by antineutrino interactions that produce at least
one pi0 in the detector. The background is nearly equally
comprised of multi-pion production events, e.g. pi0 +pi±,
where the pi± is not tracked, and events with a secondary
pi0 produced by pi− → pi0 charge exchange or by nucleon
scattering in the detector volume. The remaining 30%
of background events are non-pi0 events wherein pi− and
neutron-induced ionizations are mistakenly identified as
photons.
A. Background subtraction and unfolding
Cuts are made in both analyses to focus on the re-
sponse in the kinematic region dominated by baryon res-
onances (W < 1.8 GeV). However the Wexp cut described
in Sect. III B is insufficient to get the desired measure-
ment. A significant background comes from true pion
production at higher W ; for the selected charged pion
sample this background comprises 6% of the sample. To
remove this background, events are first selected with
Wexp < 1.8 GeV with W calculated as in Sect. III D.
Then, background is subtracted according to Wtrue (the
value of W at the primary interaction according to the
Monte Carlo) through a sideband procedure [32]. The
ν¯µ-CC(pi
0) analysis includes an additional background
subtraction based upon the mγγ spectrum.
For the background subtraction based upon Wtrue,
the simulated Wexp distribution is divided into signal
and background templates according to Wtrue < 1.8 GeV
(signal) and Wtrue > 1.8 GeV (background) as indicated
in Fig. 3a. The templates are then fitted, bin-by-bin,
to the Wexp spectrum; the normalizations of the signal
and background templates are the fit parameters in max-
imum likelihood fits (see Ref. [32] for details). The full
Wexp spectrum after the fit is shown in Fig. 3b.
For the ν¯µ-CC(pi
0) sample, the background is con-
strained using the two-photon invariant mass mγγ dis-
tribution. Figure 4 shows the mγγ distribution of the
data and shows the contributions from signal and back-
ground that are estimated by the MC simulation. The
data mγγ distribution is fitted to a mγγ model using
the binned extended maximum-likelihood method. The
model is constructed from the shapes of the MC signal
and background event distributions. The expected num-
bers of signal and background events are parameters de-
termined from the fit. The result of the fit is shown as
solid histogram in the same figure. The fit reduces the
background normalization in the signal region by 11%
compared to the simulation prediction.
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FIG. 3. The Wexp spectrum for the νµ-CC(pi
+) sample com-
paring the data (solid points) to the Monte Carlo simulation
(histograms) before (a) and after (b) the fit over the region
between the vertical dashed lines in the upper plot. The
Monte Carlo prediction is the sum of signal template (green
online) and background template (red online) contributions.
The analysis selects a signal-dominated sample (between the
vertical solid lines) by requiring Wexp < 1.8 GeV.
Resolution effects in the scintillator are simulated with
Monte Carlo and are unfolded from the data using a
Bayesian procedure [33]. For either event sample, the
unfolding matrices are close to diagonal and so the effects
of unfolding are minor.
B. Cross section calculation
As in Refs. [5, 6], the flux-integrated differential cross
section per nucleon for kinematic variable X (such as θµ,
8pµ, and Q
2), in bins of i, is calculated according to
(
dσ
dX
)
i
=
1
TΦ
1
∆Xi
∑
j
Uij
(
Ndataj −N bkgj
)
i
. (7)
Here, T is the number of nucleons in the fiducial volume,
Φ is the integrated flux, ∆Xi is the bin width, i is the
selection efficiency and acceptance. The unfolding func-
tion, Uij , calculates the contribution to true bin i from
reconstructed bin j, with the number of data candidates,
Ndataj , and the number of estimated background events,
N bkgj . Both the efficiency  and the unfolding matrix U
are estimated using the simulation. The total cross sec-
tion in neutrino energy is calculated in a slightly different
way:
σ(Eν)i =
1
TΦi
∑
j
Uij
(
Ndataj −N bkgj
)
i
. (8)
Here, the total flux Φi is calculated for each bin of neu-
trino energy. Both the integrated and binned fluxes are
calculated by Monte Carlo methods which take into ac-
count the full geometry of the production target region
and all processes by which pions and kaons are produced
and subsequently decay.
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FIG. 4. Distribution of the invariant mass of the γγ pair.
Data are shown as solid circles with statistical error bars.
The shaded histograms show the Monte Carlo predictions for
the ν¯µ-CC(pi
0) signal and background. The solid blue (online)
histogram is the maximum-likelihood best fit to the data. The
vertical lines indicate the invariant mass cut, 75 MeV/c2 <
mγγ < 195 MeV/c
2, that defines the signal region.
The present analysis benefits from updated flux calcu-
lations [21]. In addition, a flux constraint provided by
the MINERvA ν + e− scattering measurement [20] has
been applied. The constraint derived from measurement
of muon-neutrino elastic scattering on electrons yielded
a fractional change of between 1-2% in absolute rate for
the range 1.5 GeV < Eν < 10 GeV. Larger changes arose
from revision of the absolute fluxes downward by 11-12%
upon constraining them to hadron production data and
incorporating improved determinations of the beamline
geometry [21]. Together, these changes resulted in an
upward shift of absolute event rate for the neutrino (an-
tineutrino) exposure of 13% (12%) averaged over the an-
alyzed Eν range. In each event sample, changes to energy
dependence introduced by the updated fluxes are small;
the changes are almost entirely in absolute magnitude for
all results except for the neutrino energy cross section.
The revisions to pion production differential cross sec-
tions reported in [5, 6] are sizable; the updated cross sec-
tions are given in the Appendix. The revised values fall
beyond the 1σ flux uncertainties of 9% and 10% indicated
by the earlier works, however they remain within the
overall systematics uncertainty envelopes given in those
works.
V. SYSTEMATIC UNCERTAINTIES
Systematic uncertainties are evaluated in almost iden-
tical ways for the two event samples analyzed here. The
methods used are described in Ref. [5]. The systematic
uncertainty from the neutrino flux is described in de-
tail in Refs. [21, 34]. Although the uncertainties arise
from many individual sources, they can be grouped into
five categories as being associated with the detector en-
ergy response (i), with the principal-process models (ii)
and final-state interaction models used by the reference
Monte Carlo (GENIE) (iii), and with the neutrino flux
(iv). Among the remaining odd-lot of sources desig-
nated as “other” (v), subtraction of background gives
the largest uncertainty in either data set.
A. pi+ production
Cross-section uncertainties are shown for muon mo-
menta of the νµ-CC(pi
+) sample in Fig. 5a. Uncertainty
from systematic sources slightly exceeds the statistical
error for this sample. No single source dominates the sys-
tematic error. The largest contribution arises from the
detector energy response, which is expected because the
hadronic energy is measured by the energy deposited in
scintillator layers. The uncertainty in the neutrino flux is
smaller than was the case for Refs. [5, 6], but it is still the
second-largest source of uncertainty. The uncertainty as-
sociated with neutrino cross sections is somewhat smaller
than the flux uncertainty.
B. pi0 production
Figure 5b shows the cross-section uncertainties for
muon momenta of the ν¯µ-CC(pi
0) sample. For this sam-
ple, the the statistical uncertainty of the limited data
set (dashed histogram) is larger than either the flux or
9cross-section uncertainties. The normalization of the
background fit contributes 8% to the systematic uncer-
tainty. Significant uncertainty arises from the misiden-
tification of neutrons as photons. This source of error
was evaluated by changing the neutron inelastic cross
section within an error range based upon compiled mea-
surements. A large fraction of the secondary pi0 in the
background is estimated to arise from pi− → pi0 charge
exchange (CEX), for which the cross sections are poorly
known. The effect of this uncertainty on our measure-
ment is evaluated by changing the CEX cross section
within its uncertainty of ±50% [28, 35, 36], and then
re-measuring the cross sections. The uncertainty in the
electromagnetic energy scale contributes 2.2% to the er-
ror budget, estimated from the fitted mean uncertainty
of the data mγγ distribution.
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FIG. 5. Fractional uncertainties for muon momenta in the
νµ-CC(pi
+) analysis (a), and the ν¯µ-CC(pi
0) analysis (b), for
the case of absolute normalization to the data exposure. The
statistical (total) error is shown by the dashed (highest solid-
line) histogram in each plot. Component histograms show
the contributions from the five systematic error sources.
The principal-interaction cross-section model (GE-
NIE) also contributes significantly to the uncertainty of
both analyses. One of the large uncertainties arises from
modeling the basic pion production process on individ-
ual nucleons. Tables of values of the cross section and
of systematic uncertainty decomposition for each bin of
each measurement are given in the Supplement to this
paper [37].
VI. MUON KINEMATICS IN CC(pi)
PRODUCTION
A. Muon production angle
Figure 6 shows the differential cross sections as a func-
tion of polar angle, θµ, with respect to the neutrino
beam, for the νµ-CC(pi
+) sample (Fig. 6a) and for the
ν¯µ-CC(pi
0) sample (Fig. 6b). For both samples, the θµ
distribution peaks around 8◦ and then decreases gradu-
ally. Beyond 25◦ the acceptance into the MINOS near
detector is small, and so no cross sections are given for
that region. The superimposed solid-line (dashed-line)
histogram shows the GENIE prediction that includes
(omits) the intranuclear FSI treatment. The ratio of the
predictions with/without FSI is observed to be roughly
constant over the observed angular range.
Comparison of the dashed and solid-line histograms in
Fig. 6a,b shows that pion FSI play a significant role in
the GENIE predictions. In the νµ-CC(pi
+) sample (up-
per plot), ∆(1232) production in the charge state ∆++
dominates the final state, and pion intranuclear absorp-
tion plus pion charge exchange deplete the number of
final-state pions that exit the nucleus. This depletion
cannot be compensated by charge-exchange feed-in from
∆+ channels which are produced at lower rates (due to
their smaller isospin amplitudes). Thus, for reactions
(1), the GENIE prediction with FSI included is always
smaller than the GENIE prediction without FSI. For re-
actions (2) of the ν¯µ-CC(pi
0) sample however, the situa-
tion is reversed. The latter reactions also lose pions to
intranuclear absorption and charge exchange. However,
the feed-in of charge-exchanged pi0 originating from pro-
duction of ∆− states is always larger than the losses.
Production of the latter states benefits from having a
relatively large isospin amplitude. The net result is that
for reactions (2) the GENIE prediction is elevated by the
inclusion of FSI processes (Fig. 6b).
Differences in absolute rate between the data and GE-
NIE predictions are evident in Fig. 6a. The GENIE pre-
diction with FSI (solid-line curve) is too high by 20% to
30% for the neutrino-induced sample of Fig. 6a. On the
other hand, Fig. 6b shows the GENIE prediction with
FSI to be in good agreement with the distribution for
the antineutrino sample. The uncertainties associated
with the absolute νµ and ν¯µ fluxes are 8.5% and 8.0%
respectively, so the data/MC normalization differences
are of order 2.4σ and 0.3σ.
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FIG. 6. Differential cross sections as a function of the muon
production angle θµ for the νµ (a) versus ν¯µ (b) pion pro-
duction samples. Data are shown as solid circles. The inner
(outer) error bars correspond to statistical (total) uncertain-
ties. The solid (dashed) distributions are GENIE predictions
with (without) FSI. Predictions for the NuWro and NEUT
event generators are also shown.
In Fig. 6 and in subsequent figures, predictions of the
NEUT and NuWro neutrino event generators are dis-
played with FSI effects included, providing comparisons
with GENIE as well as additional predictions for the
data. For baryon-resonance production, NEUT (like GE-
NIE) uses the Rein-Sehgal model [23] but without inclu-
sion of baryon-resonance interference, whereas NuWro
includes only ∆(1232) production as formulated by the
Adler model [38, 39]. NEUT also incorporates nonreso-
nant pion production from Rein-Sehgal, whereas NuWro
(like GENIE) uses the Bodek-Yang model [26] above the
resonance region and extrapolates it to lower W so as to
converge with the predictions of Rein-Seghal. For their
FSI treatments, both NEUT and NuWro use the Salcedo-
Oset model [40] in a cascade formalism that includes nu-
clear medium corrections. The NEUT and NuWro pre-
dictions are compared to data for which the background
estimates have been launched from predictions of the
GENIE event generator. The GENIE predictions how-
ever are constrained by data in the sidebands; moreover
the full systematics uncertainties arising from GENIE as
well as other sources are taken into account in the pre-
dicted backgrounds. Consequently any biasing of mea-
surements towards GENIE predictions will fall within the
systematics error envelope indicated for the data points.
Figure 6 shows that all three event generators achieve
good agreement for the shape of dσ/dθµ for both of the
CC pion production samples. NEUT, like GENIE, pre-
dicts an absolute rate for the νµ-CC(pi
+) sample that is
distinctly higher than for the data, while the NuWro pre-
diction for the same sample is in excellent agreement with
respect to distribution shape and normalization. For the
ν¯µ-CC(pi
0) sample of Fig. 6b, however, the situation is
opposite: GENIE and NEUT achieve good agreement in
normalization as well as shape, while the NuWro predic-
tion falls well below the data.
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FIG. 7. Differential cross sections as a function of the muon
momentum for the νµ (a) and ν¯µ (b) pion production sam-
ples. Data are shown as solid circles. The inner (outer) error
bars correspond to statistical (total) uncertainties. The solid
(dashed) distributions are GENIE predictions with (without)
FSI. Also shown are predictions for the NuWro and NEUT
event generators.
Normalization differences between data and predic-
tions of event generators can be driven by cross-section
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uncertainties for νµ/ν¯µ -induced pion production in scat-
tering on free nucleons, as well as by flux uncertainties.
The data constraining these processes are sparse, and in
the case of νµ+p→ µ−+pi++p, the two bubble chamber
measurements using 0.5 to ∼ 3 GeV neutrinos reported
cross sections that differed by ∼ 30% in absolute normal-
ization [41, 42]. (A recent reanalysis obtains consistency
between these two data sets [43] , however the generator
predictions shown here have not been tuned to the results
of this reanalysis.) For the channel ν¯µ +p→ µ++pi0+n
there is only one cross-section data point, obtained with
antineutrino scattering on a heavy-liquid (freon CF3Br)
bubble chamber fill [44].
B. Muon momentum
The differential cross sections as a function of the
muon momentum pµ for the two samples are shown in
Fig. 7. The distributions peak between 2.0 and 2.5 GeV
and fall off rapidly as pµ increases from 3.0 to beyond
6.0 GeV. The same trends as observed in dσ/dθµ are ap-
parent here in dσ/dpµ. The relatively large uncertainty
for the lowest-momentum bin in Fig. 7a is an artifact
of the muon acceptance in MINOS. Because muons with
pµ < 1 GeV have low efficiency, the data selection re-
quires Eν > 1.5 GeV. Therefore, the first bin only re-
ceives event counts as the result of the unfolding proce-
dure.
Figure 7 compares the observed dσ/dpµ distributions
to predictions of the three event generators. Similar to
the situation with dσ/dθµ in Fig. 6, the three genera-
tors achieve good agreement with respect to the shape
of dσ/dpµ for both samples, but with variance in the
predictions for absolute rates.
VII. COMPOSITION OF DATA SAMPLES
The event generators predict that several processes
contribute to the event samples analyzed here. The GE-
NIE prediction, for example, consists of quasielastic scat-
tering, baryon resonance production, non-resonant pion
production, DIS, and coherent pion production. For
the pion production samples of this work, the topol-
ogy selections and W restriction ensure that the con-
tributions from quasielastic and DIS scattering are neg-
ligible. The samples are predicted to be dominated by
single-pion final states arising from production and de-
cay of the ∆(1232) and higher mass resonances, together
with pion-nucleon non-resonant production. Figures 8
and 9 show the reaction-category composition for dσ/dθµ
and dσ/dpµ of the νµ-CC(pi
+) and ν¯µ-CC(pi
0) samples.
Referring to the component histograms, the νµ-CC(pi
+)
sample (Figs. 8a and 9a) is estimated by GENIE to be
comprised ≈ 50% of ∆+,++ production, followed by non-
resonant pion production, and production of higher mass
N∗ states. For the ν¯µ-CC(pi0) sample (Figs. 8b and 9b),
the ∆0 is also prominent, however the higher-mass N∗
contribution exceeds non-resonant pion production.
A recent paper [45] presents a new fit to the reanalyzed
νµ-deuterium pion production data [43]. The best fit
for GENIE 2.6.2 produces an increase in the resonant
strength of about 15% and the non-resonant strength was
decreased by about 50%. Those changes would produce
better agreement between GENIE and the charged pion
data shown in Figs. 8a and 9a.
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FIG. 8. Differential cross sections dσ/dθµ as in Fig. 6 for
the νµ (a) and ν¯µ (b) pion production samples, showing the
decomposition of the GENIE predictions into component re-
action processes. The three dominant processes (histograms,
bottom to top) are ∆(1232) production, higher-mass N∗ pro-
duction, and pion non-baryon-resonance production.
The νµ-CC(pi
+) sample receives a small contribution
from CC coherent single pion production. The GENIE
prediction for this contribution is shown by the com-
ponent at small θµ values in Fig. 8a (top, dark-shade
histogram). Recall that in CC coherent pion produc-
tion, the quantum (e.g. a pomeron) transferred to the
struck nucleus carries no quantum numbers. The possi-
ble CC(pi) coherent reactions are:
νµ(ν¯µ) +A → µ−(µ+) + pi+(pi−) +A . (9)
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For coherent scattering to occur, the muon-pion system
must have zero electric charge (like the incident ν/ν¯).
Thus coherent CC(pi) scattering is confined to the νµ-
CC(pi+) sample; production of single pi0 mesons cannot
occur via CC coherent ν/ν¯ scattering.
Figure 8a shows coherent CC(pi) scattering to be the
only component process having a pronounced depen-
dence on muon angle. The three dominant processes are
spread fairly uniformly over the angular range, although
the production of ∆(1232) is predicted to gain promi-
nence at very forward θµ values. On the other hand,
Fig. 9a indicates that all of the component processes, in-
cluding coherent CC(pi+) scattering, distribute broadly
with respect to muon momentum.
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FIG. 9. Differential cross sections dσ/dpµ as in Fig. 7 for
the νµ (a) and ν¯µ (b) pion production samples, showing the
decomposition of the GENIE predictions into component re-
action processes. The component processes are seen to dis-
tribute fairly uniformly with respect to muon momentum.
VIII. CC(pi) CROSS SECTIONS VERSUS Eν
Figure 10 shows the cross sections as functions of neu-
trino (antineutrino) energy for the νµ-CC(pi
+) sample
(upper) and for the ν¯µ-CC(pi
0) sample (lower plot). Wor-
thy of note is the difference in the ordinate ranges for the
two plots. For the highest Eν bin measured in each sam-
ple (〈Eν〉 = 9.0 GeV), the cross section for νµ-CC(pi+) is
more than twice as large as the ν¯µ-CC(pi
0) cross section.
Also clearly discernible is the difference in the cross sec-
tion rise-with-Eν for the two samples. The cross section
for νµ-CC(pi
+) sample (Fig. 10a) reaches its plateau at
Eν ≥ 3.0 GeV. However, the cross section for ν¯µ-CC(pi0)
(Fig. 10b), exhibits a gradual rise throughout the mea-
sured region 1.5 ≤ Eν ≤ 10.0 GeV.
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FIG. 10. Cross sections as a function of the neutrino energy
Eν for the νµ (a) and ν¯µ (b) pion production samples. Data
are shown as solid circles. The inner (outer) error bars corre-
spond to statistical (total) uncertainties. The solid (dashed)
distributions show GENIE predictions with (without) FSI,
the long-dashed distribution is the prediction from the NuWro
generator, and the dot-dashed distribution is the prediction
from NEUT generator.
The relative trends are a manifestation of the underly-
ing vector minus axial-vector (V − A) structure of the
hadronic currents of these semileptonic weak interac-
tions. Within the structure functions of antineutrino
CC scattering, the V −A interference terms have oppo-
site sign compared to corresponding terms in the struc-
ture functions of neutrino CC scattering. The V − A
terms interfere destructively in the hadronic currents of
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ν¯µ-CC scattering, whereas the interference is construc-
tive in νµ-CC interactions. The interferences contribute
significantly to the cross sections in the sub-GeV to few
GeV range of Eν and they account for the different trends
in evolution with Eν observed in Fig. 10a,b [23].
Figure 10 compares the measured cross sections to the
predictions of GENIE, NEUT, and NuWro. The pre-
dictions for all of these generators exceed the measured
νµ-CC(pi
+) cross section, with GENIE and NEUT ex-
hibiting a much larger disagreement (Fig. 10a). For the
ν¯µ-CC(pi
0) cross section (Fig. 10b), there is less varia-
tion among the generator predictions and much better
agreement with the data.
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FIG. 11. Component reaction processes in GENIE cross-
section predictions for the νµ-CC(pi
+) (a) and ν¯µ-CC(pi
0) (b)
samples. Stacked histograms (bottom to top) show the contri-
butions from (i) pion non-resonance processes, (ii) N∗ states
above the ∆(1232), and (iii) ∆(1232) resonance production.
Figures 11a,b show the component reaction processes
that are included in the GENIE predictions for cross sec-
tions of the νµ-CC(pi
+) and ν¯µ-CC(pi
0) samples, respec-
tively. Notably absent are dramatic changes in the mix-
ture of components with increasing Eν . Although the
∆(1232) resonance is expected to dominate at low Eν in
all models, its relative contribution would be expected
to decrease at higher Eν where more energy is available
to excite the struck nucleon. The W cut at 1.8 GeV
however mitigates such an effect. The pion non-resonant
processes feature prominently in the GENIE predictions
for both cross sections. The separation into resonant and
non-resonant processes is model dependent and could be
different in other models.
IX. dσ/dQ2 OF CC(pi) REACTIONS
The differential cross sections as a function of Q2 for
the νµ-CC(pi
+) and ν¯µ-CC(pi
0) samples are shown in
Fig. 12. Note the large difference in the ordinate scales
for the two distributions in corresponding Q2 bins.
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FIG. 12. Differential cross sections in four-momentum trans-
fer squared Q2 for the νµ-CC(pi
+) sample (a) and the ν¯µ-
CC(pi0) sample (b). Data are shown as solid circles. The solid
(dashed) distributions are GENIE predictions with (without)
FSI, shown together with predictions from the NuWro and
NEUT event generators. Ordinate-scale difference reflects the
larger cross section for the νµ-CC(pi
+) sample.
For the generator predictions displayed in Fig. 12,
NEUT and GENIE use a relativistic global Fermi gas
model for nucleon momentum, while NuWro uses a lo-
cal Fermi gas model. The three calculations have very
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similar shapes for Q2 > 0.2 GeV/c2. At the lowest Q2,
it is possible that nucleon-nucleon correlations and Pauli
blocking may contribute. These effects have been studied
theoretically and experimentally in quasielastic neutrino
scattering [46, 47].
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FIG. 13. GENIE reaction processes for the dσ/dQ2 data dis-
tributions for the νµ-CC(pi
+) (a) and ν¯µ-CC(pi
0) (b) samples.
The coherent scattering contribution to νµ-CC(pi
+) is local-
ized at very low Q2.
Other effects can modify the cross section in Q2 bins
below 0.20 GeV2. Recall that coherent scattering can
contribute to νµ-CC(pi
+) but not to ν¯µ-CC(pi
0). By its
nature, coherent scattering involves a very small four-
momentum transfer to the target nucleus and so its con-
tribution is confined to very low Q2. Different models
are commonly used; while NEUT and GENIE use dif-
ferent implementations of the Rein-Sehgal [31] model,
NuWro uses the Berger-Sehgal [48] model. NEUT pre-
dicts a distinctly larger rate for coherent reaction (9)
than does GENIE. Consequently the NEUT prediction
(Fig. 12a) peaks near Q2 ' 0.0 GeV2, while GENIE and
NuWro do not predict such an effect. In fact, GENIE
and NuWro predict a mild turnover in dσ/dQ2 as Q2 ap-
proaches zero GeV, in agreement with the turnover ex-
hibited by the data. MINERvA has published total cross
section data for coherent pion production [30] using the
same initial data samples as the analyses presented here.
The NEUT prediction for the total coherent cross section
is much larger than those data, while the GENIE predic-
tion roughly agrees with the measured cross section in
both shape and absolute rate.
Figure 13 shows the GENIE predictions for the sample
compositions compared to the dσ/dQ2 data points. The
three main reaction categories are predicted to distribute
broadly over the range 0.0 ≤ Q2 ≤ 2.0 GeV 2. The co-
herent scattering contribution to the νµ-CC(pi
+) sample
is predicted to be mostly confined to Q2 < 0.4 GeV2.
At high Q2, the non-resonant processes in GENIE have
a larger contribution to the data than the baryon reso-
nance processes. In Figs. 13a,b the GENIE predictions
exhibit the same trends as observed in Figs. 8, 9, and 11,
namely good agreement with the ν¯µ-CC(pi
0) data and
an absolute normalization that is high relative to the νµ-
CC(pi+) data.
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FIG. 14. Breakout of pion FSI processes within GENIE cross-
section predictions for the two analysis samples. Stacked his-
tograms (top to bottom) show contributions from pi− (for the
charged pion sample), multiple-pion production with absorp-
tion, charge exchange (for the pi0 sample), inelastic scattering,
elastic scattering, and no interaction. The full simulation,
shown area-normalized to the data, reproduces the shape of
data dσ/dQ2 without ascribing Q2-dependence to pion FSI.
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Figure 14 shows a decomposition of the GENIE pre-
dictions according to pion FSI processes. Here, the sim-
ulation has been area-normalized to the data to better
examine whether shape effects are present that could be
related to FSI. The information displayed is complemen-
tary to that shown in Fig. 13. While Fig. 13 gives the GE-
NIE subdivision by the primary process, Fig. 14 shows
the subdivision by what happens after the primary pro-
cess. For the pion kinematic variables [5, 6], the FSI pro-
cesses are important in determining the shape of the dis-
tributions. However, for variables that are largely deter-
mined by form-factor dependence and the nuclear model
(such as Q2), pion FSI processes are expected to have a
relatively mild affect. Referring to Fig. 12, the GENIE-
based predictions that omit or include FSI (dotted ver-
sus solid curves), indicate that FSI processes reduce the
differential cross section for νµ-CC(pi
+) and elevate the
differential cross section for ν¯µ-CC(pi
0). The same trends
are predicted by GENIE of the muon kinematic distri-
butions of Figs. 6 and 7, and for the cross sections as
functions of neutrino energy in Fig. 10.
The data for ν¯µ-CC(pi
0) in Figs. 12b, 13b, and 14b
(where coherent pion production cannot contribute) sug-
gest a stronger turnover near Q2 ' 0.0 than is pre-
dicted by the generators. This could be due to long-
range nucleon-nucleon correlations, usually treated via
the Random Phase Approximation (RPA) [46, 47], or
to Pauli blocking. Pauli blocking should be applied for
nonresonant pion production. Pion production through
an intermediate ∆(1232) resonance should be subject to
Pauli blocking, as ∆(1232) decay deposits a nucleon into
the residual nucleus. The net effect is suppression of reac-
tions at very low Q2, similar to the suppression observed
with neutrino quasielastic scattering. The Pauli blocking
effect has been calculated for µ±∆(1232) channels pro-
duced in carbon-like nuclei in Ref. [49]; the suppression
is confined to Q2 < 0.2 GeV2 and to W < 1.4 GeV. The
generator models shown here do not include any of these
effects for pion production.
X. CONCLUSIONS
Differential cross sections in muon kinematic variables
θµ and pµ are reported and compared for pion produc-
tion processes νµ-CC(pi
+) and ν¯µ-CC(pi
0) obtained by
exposing hydrocarbon to νµ and ν¯µ beams having simi-
lar flux profiles. Measurements of muon production an-
gle and momentum are used to extract cross sections
as functions of Eν and of Q
2 for the pion production
processes. Events with total hadronic mass W < 1.8
GeV are selected to emphasize the baryon resonance re-
gion. Together with the previous publications based on
the same data sample [5, 6], these measurements provide
a broad picture of pion production for neutrino energies
1.5 – 10 GeV wherein charged-current scattering from sin-
gle nucleons is convolved with nuclear structure and pion
FSI effects. Data summary Tables for the measurements
of this work that may facilitate phenomenological inves-
tigations, are available in the Supplement [37].
The ensemble of differential cross sections are com-
pared to simulations based upon the GENIE, NEUT,
and NuWro event generators. For differential cross sec-
tions measured with the νµ-CC(pi
+) sample, the absolute
event rates predicted by GENIE and NEUT are observed
to exceed the measurements of this work by amounts that
are typically between 1-to-2σ of the data. GENIE and
NEUT predictions give much better agreement for the
ν¯µ-CC(pi
0) comparisons. On the other hand, the NuWro
generator obtains agreement with the distributions for
the νµ-CC(pi
+) sample, but predicts event rates that are
generally low by up to 1.5σ relative to the data for ν¯µ-
CC(pi0). The differences in generator predictions arise
from differences in the cross section for pion production
on free nucleons [45], and from the treatment of FSI,
which has significant uncertainties. In contrast to the
assorted discrepancies for absolute rates, all three gen-
erators obtain respectable shape agreement with the full
suite of differential cross sections.
The suite of differential cross sections for the two sam-
ples is examined in light of the reaction category compo-
sition used by the GENIE generator. The likely role of
coherent CC(pi+) scattering in the νµ-CC(pi
+) sample is
thereby illustrated. Comparisons of the three generators
with dσ/dQ2 for this sample indicates that the rate of co-
herent CC(pi+) is set too high in NEUT. The dσ/dQ2 dis-
tribution of νµ-CC(pi
+) has sensitivity to nuclear struc-
ture. Neither Pauli blocking nor nucleon-nucleon corre-
lations are included in the default options of the GE-
NIE, NuWro, or NEUT versions used here. Despite the
simplicity of the nuclear models employed by these gen-
erators, the shapes of the Q2 distributions predicted by
GENIE and NuWro agree with the data.
In summary, the measurements and event sample com-
parisons of this work shed light on CC pion production
by neutrinos and antineutrinos. A correct description
of these data requires accurate models for this multi-
faceted problem. Separate understanding of the three as-
pects (pion production from the bound nucleon, nuclear
structure, and pion FSI) are important for interpreting
events recorded by the neutrino oscillation experiments
at long baselines. Fortunately, the complete data set al-
lows for some separation of processes. The measurements
illuminate shortfalls in current generators with respect
to absolute rate predictions for coherent, resonant, and
non-resonant CC production of pions. These results can
guide the development of improved neutrino-interaction
models that are important to the international effort to
obtain precision measurements of neutrino oscillations
using νµ and ν¯µ beams.
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APPENDIX: PION KINEMATIC
DISTRIBUTIONS
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FIG. 15. Differential cross sections for pion kinetic energy,
dσ/dTpi, for the νµ-CC(pi
+) (a) and ν¯µ-CC(pi
0) (b) samples.
The data (solid circles) are compared to GENIE predictions
neglecting versus including pion FSI (dashed vs solid-line his-
tograms). Improved descriptions for shapes of the pion spec-
tra are obtained with FSI effects included in the simulations.
Distributions for µ± and related kinematic variables
are featured by the main text. This Appendix presents
distributions describing pion production kinematics for
the two analysis samples. These figures represent up-
dates to similar plots presented in the previous pa-
pers [5, 6], reflecting the improvements in the neutrino
and antineutrino flux estimates noted in Sec. II A.
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FIG. 16. Differential cross sections for the pion production
angle with respect to the beam direction, dσ/dθpi, for the
νµ-CC(pi
+) (a) and ν¯µ-CC(pi
0) (b) samples. As in Fig. 15,
the data is compared to GENIE predictions without and with
pion FSI effects included; marked improvement with the data
is observed when pion FSI is taken into account (solid-line
distributions).
Figure 15 shows the flux-averaged pion kinetic en-
ergy for the charged pions of the νµ-CC(pi
+) sample
(Fig. 15a), and for the pi0 of the ν¯µ-CC(pi
0) sample
(Fig. 15b). The kinetic energy ranges of pi+ and pi0 are
different because the maximum pi+ energy is closely re-
lated to the detector depth. Figure 16 shows the polar-
angle distributions for the produced pi± and for the pi0
of these samples. The data points depict the same signal
obtained with the same procedures reported in the main
text, including the restriction on the invariant hadronic
mass, W < 1.8 GeV. For the ν¯µ-CC(pi
0) sample, the
updated pi0 distributions are shown for the same energy
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range, 1.5 GeV < Eν < 10 GeV, as is used for the νµ-
CC(pi+) sample. The quantity plotted for charged pions
in Figs. 15a and 16a is same as in Ref. [5]. Events with
one or more pi+ or pi− are included. Although not a true
cross section, it arises from the cross section definition,
Eq. (7), when each event can produce one or more pions.
Each charged pion contributes one entry to a histogram
and the cross section is calculated as in Sec. IV B.
Figures 15 and 16 show comparisons with GENIE,
NEUT, and NuWro predictions; for both samples it is
clearly seen that, for GENIE, the pion FSI treatment
causes the simulation to move closer to the data. The
main change in these updated results compared to the
earlier ones is reduction of the large disagreement in ab-
solute normalizations of the differential cross sections be-
tween data and GENIE-based predictions. This reduc-
tion comes about because the calculated data normal-
izations are now higher by 13% and 12% for the νµ and
ν¯µ event samples respectively as the result of revisions
made to the flux estimates of the exposures as described
in Sec. IV B. (Note that all pion distributions shown here
are obtained using the W < 1.8 GeV selection; this cut
was not applied in the pi0 distributions of Ref. [6].) Fig-
ures 15 and 16 show that the GENIE predictions are
now closer to the data but still appear to be high, with
the overall normalization difference exceeding 1σ in the
νµ-CC(pi
+) data set.
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